We present a design sensitivity analysis(DSA) method for multiscale problems based on bridging scale decomposition. In this paper, we utilize a bridging scale method for the coupled system analysis. Since the analysis of full MD systems requires huge amount of computational costs, a coupled system of MD-level and continuum-level simulation is usually preferred. The information exchange between the MD and continuum levels is taken place at the MD-continuum boundary. In the bridging scale method, a generalized Langevin equation (GLE) is introduced for the reduced MD system and the GLE force using a time history kernel is applied at the boundary atoms in the MD system. Therefore, we can separately analyze the MD and continuum level simulations, which can accelerate the computing process. Once the simulation of coupled problems is successful, the need for the DSA is naturally arising for the optimization of macro-scale design, where the macro scale performance of the system is maximized considering the micro scale effects. The finite difference sensitivity is impractical for the gradient based optimization of large scale problems due to the restriction of computing costs but the analytical sensitivity for the coupled system is always accurate. In this study, we derive the analytical design sensitivity to verify the accuracy and applicability to the design optimization of the coupled system.
Introduction
Atom-based molecular dynamics(MD) simulations are very useful in analyzing nano-scale phenomena which cannot be captured in a continuum sense.
However, atomistic simulation tools themselves are not sufficient for many of the interesting and fundamental problems that arise in computational mechanics, since the length and time scales used in the MD simulations are still limited. Many multiscale analysis methods have been developed considering both the MD and the continuum analyses to solve the problems such as dislocation (Tadmor and Ortiz, 1996) , crack propagation (Park et al., 2005; Farrell et al., 2007) , and strain localization (Kadowaki and Liu, 2007) which cannot be solved with only continuum-based concept. The main issue of multiscale problems is how to connect the atom-level simulations to continuum-level. Bridging scale method(BSM) (Wagner and Liu, 2003) is introduced by deriving dynamic multiscale boundary conditions as a damping force using the generalized Langevin equation(GLE) Doll, 1974, 1976) . They used the MD in a localized region of interest and the finite element method in a global region by decoupling the fine and coarse scales through a mass-weighted projection. This boundary condition prevents the wave reflection in the fine scale without any handshake or scale down regions.
Mathematically, design sensitivity analysis(DSA) methods are well developed based on continuum mechanics for structural systems (Choi and Kim, 2004) . Since the MD is one of transient dynamic problems, DSA for transient dynamic problems is indispensible for the design of nano-and microscale problems. However, a huge amount of computation is usually required for the MD simulations since they are transient dynamic problems. For the DSA of MD systems that have many design variables, the computational cost is very expensive.
Therefore, an efficient and accurate analytical DSA method is necessary in the problems that include molecular dynamics analysis. However, the DSA in the multiscale analysis is not straightforward, since the sensitivity relationship between the scales is not well known yet. Even though the relations are known, iterative sensitivity computations might be necessary between the fine and coarse scales depending on the multiscale decomposition method.
Therefore, for an efficient DSA in the multiscale problems, it is important to choose the decomposition method that could provide fully decoupled scales in the DSA. In this research, we suggest an analytical DSA method using a BSM to avoid the aforementioned difficulties in the multiscale problems including the MD simulations. The BSM defines the fine scale as the solution whose projection onto the coarse scale basis functions vanishes; this implies the orthogonality between the fine and coarse scales.
In addition, the projection operator used in the BSM gives fully decoupled multiscale equations, which enables us to avoid iterative computations between the scales and to perform efficient DSA in the multiscale problems.
Review of Bridging Scale Method
The bridging scale method was developed to couple atomistic and continuum scale simulation (Wagner and Liu, 2003) . The main idea is to decompose the total displacement  into coarse and fine scales as
The coarse scale displacement is defined as
where          is the shape function of node  at point   , and   is the FE nodal displacement corresponding to node . In MD simulation, MD displacement  is regarded as the exact solution.
The fine scale displacement is simply that part of the total displacement that the coarse scale cannot represent, and then the error is defined as
which means mass-weighted square of the fine scale, and a temporary nodal solution   is determined to minimize the error, which yields
where   is a diagonal atomic mass matrix, and
Then, the fine scale displacement ′ is written as
where the projection matrix  is defined as
Finally, the total displacement is rewritten as
where the complimentary projector     .
Generalized Langevin Equation
A free vibration equation is generally written as
 is a displacement field at time ,  is a mass matrix, and  is a stiffness matrices. Then we can solve Eq. (8) using the velocity verlet algorithm,
Consider an one-dimensional atomic chain shown in Fig. 1 . (a) and (b) show a full MD system and a reduced one, respectively.
For simplicity,  and  are given as
where    1, and the initial condition is given as Gaussian type distribution as
Simulation results for the full MD system are plotted in Fig. 2 . It is observed that the initial wave propagates smoothly in both directions.
Assume that displacement  is partitioned into two parts, i.e.   is the solution of interest, whose degrees of freedom will be kept, and   is the solution to be mathematically replaced by boundary forces. In this example, the interface between   and   lies at ±80. Then Eq. (8) is decomposed into those two parts as 
When a reduced system is introduced only between =±80 without GLE force, this approach causes an unwanted boundary wave reflection as Consider one-dimensional MD-continuum coupled simulation (Park and Liu, 2004) as shown in Fig. 5 .
The entire domain is -200≤  ≤200, and the MD particles lie at -80≤  ≤80.
In brief, the coupled MD/FE equations of motion are described as
Fig. 6 BSM with GLE force at MD-continuum boundary
Fig. 7 BSM with boundary velocity approach
In Fig. 6 and 7, the solid and void dots denote the positions of MD particles and FE nodal points, respectively. From the initial condition, a wave is propagating in both directions. Due to symmetry, the solution at  ≥0 is plotted in all the figures. In Fig. 6 , GLE force is applied at MD-continuum boundary and the initial wave passes out of the MD region smoothly without any boundary reflections.
However, if the boundary condition is simply applied by setting the MD velocity at the boundary equal to the coarse scale velocity, the fine scale waves cannot pass through the MD-continuum boundary and undesirable wave reflections occur at the boundary as shown in Fig. 7 .
Design Sensitivity Analysis
Assume that    has zero initial condition as
Then, Eq. (25) Table 2 Design sensitivity agreement at   0
The design sensitivity equation for    is obtained from the derivative of Eq. (29) The accuracy of design sensitivity of displacement is also verified in Table 2 . For each time step , the analytic sensitivity is compared to the finite difference sensitivity. In the last column, good agreement is observed at every time step.
Conclusions
A multi-scale DSA method is developed using a bridging scale approach. To avoid any iterative computations between the scales, we use a fully decoupled equation for each scale in original response as well as sensitivity analyses. Through a GLE, a locally confined MD region instead of whole MD system is considered for the fine scale solution whereas a FE analysis for the coarse scale solution is performed on the whole region. The efficiency of the developed method is achieved due to the fully decoupled multiscale equations in these scales, which are derived using identical mass-weighted projection in the response
analysis. Numerical implementations demonstrate the accuracy of the developed DSA method for various design variables. The developed method turns out to work very well for any design variable in both scales.
